A low relative area change (RAC) of the proximal pulmonary artery (PA) over the cardiac cycle is a good predictor of mortality from right ventricular failure in patients with pulmonary hypertension (PH). The relationship between RAC and local mechanical properties of arteries, which are known to stiffen in acute and chronic PH, is not clear, however. In this study, we estimated elastic moduli of three PAs (MPA, LPA and RPA: main, left and right PAs) at the physiological state using mechanical testing data and correlated these estimated elastic moduli to RAC measured in vivo with both phase-contrast magnetic resonance imaging (PC-MRI) and M-mode echocardiography (on RPA only). We did so using data from a canine model of acute PH due to embolization to assess the sensitivity of RAC to changes in elastic modulus in the absence of chronic PH-induced arterial remodeling. We found that elastic modulus increased with embolization-induced PH, presumably a consequence of increased collagen engagement, which corresponds well to decreased RAC. Furthermore, RAC was inversely related to elastic modulus. Finally, we found MRI and echocardiography yielded comparable estimates of RAC. We conclude that RAC of proximal PAs can be obtained from either MRI or echocardiography and a change in RAC indicates a change in elastic modulus of proximal PAs detectable even in the absence of chronic PH-induced arterial remodeling. The correlation between RAC and elastic modulus of proximal PAs may be useful for prognoses and to monitor the effects of therapeutic interventions in patients with PH.
Introduction
Pulmonary hypertension (PH) is characterized by chronically high blood pressure in the pulmonary circulation. It is an important cause of morbidity and mortality in children and adults with over 10,000 deaths per year in US (Hyduk et al., 2005) . Many metrics are used as prognostic indicators of PH such as pulmonary vascular resistance, pulmonary vascular input impedance, pulmonary vascular capacitance, pulmonary arterial (PA) compliance, PA stiffness, proximal PA relative area change (RAC), and various aspects of right ventricular (RV) function (Gan et al., 2007; Hunter et al., 2008; Mahapatra et al., 2006; Stevens et al., 2012; Swift et al., 2012) . The proximal PA RAC is defined as the ratio of the change of PA area during a cardiac cycle and the PA area at diastole or systole. This metric was found by Gan et al. (2007) to be related to the mortality of patients with pulmonary arterial hypertension (PAH) and several more recent studies confirmed a strong correlation between this metric and mortality of patients with all-cause PH (Sanz et al., 2009; Stevens et al., 2012; Swift et al., 2012) . Because RAC can be measured noninvasively, it is a promising metric for assessing disease progression and the effects of treatment.
clinically (Mahapatra et al., 2006; Stevens et al., 2012) and basic science studies have shown that the increase in proximal PA elastic modulus with chronic PH is due to remodeling and changes in the extracellular matrix (Kobs et al., 2005; Lammers et al., 2008; Ooi et al., 2010) . In acute PH such as can occur during exercise and with acute high-altitude or hypoxia exposure, the PA elastic modulus also increases due to the increase of pressure (Groves et al., 1987; Kornet et al., 1998; La Gerche et al., 2011; Motley and Cournand, 1947) , although no arterial remodeling occurs. Understanding the correlation between RAC and elastic modulus would be clinically useful, because proximal PA stiffening impairs RV performance and is associated with RV dysfunction (Stevens et al., 2012) .
The purpose of this study was to investigate the correlation between RAC and elastic modulus of proximal PAs. We did so using a model of acute PH, which has the advantage that the sensitivity of RAC to changes in elastic modulus can be assessed in the absence of chronic PH-induced remodeling. We first measured RAC in vivo using phase-contrast magnetic resonance imagining (PC-MRI) and 2D and M-mode transthoracic echocardiograrphy (Echo) both before and after creating of PH with acute embolization. After euthanasia, we obtained stress-stretch data ex vivo from uniaxial tensile testing. Then, we investigated the correlation between RAC and the calculated elastic modulus at physiological pressure. In addition, we examined if MRI and Echo imaging techniques can provide equivalent values of RAC.
Materials and methods

Animals and in vivo hemodynamic measurement
All experimental studies were performed after approval by the Institutional Animal Care and Use Committee. A total of 11 beagles were used in this study. Six adult female beagles ( $ 1-year old) were used in acute pulmonary embolization study as described previously (Bellofiore et al., 2013) . In these animals, after general anesthesia was induced by intravenous propofol injection (10 mg/kg body weight) and maintained with isoflurane (1-3% in 100% oxygen using mechanical ventilation), PC-MRI was performed to measure main, left and right PA (MPA, LPA and RPA) luminal cross-sectional areas and contrast-enhanced magnetic resonance (CE-MRA) was then performed to obtain the pulmonary vasculature images. Subsequently the dog was transferred to the catheterization lab, where it underwent Echo and right heart catheterization (RHC) to measure RPA inner diameter and PA pressures (PAPs) at baseline. Acute PH was then created by repeated injections of microbeads (Contour SE Microspheres, Boston Scientific, Natick, MA, USA) through the catheter in the right atrium until the mean PAP was greater than 30 mmHg, and then PAP measurements, Echo, and MRI without and with contrast were repeated. See references (Bellofiore et al., 2013; Roldán-Alzate et al., 2014) and Appendix A for detailed methods.
In five adult male beagles ( $ 1-year old) with presumed normal pulmonary and RV function, 2D and M-mode Echo was performed to obtain RPA inner diameter of animals at rest. No acute pulmonary embolization was performed.
Ex vivo artery geometry measurement and mechanical tests
After animals were euthanized, intact proximal PAs were immediately harvested. After loose connective tissue was removed, the proximal PAs were soaked in calcium-and magnesium-free phosphate buffered saline at room temperature. Vessels were photographed ex vivo to measure the lengths of LPA and RPA without external load (Fig. 1B) . Next, a short ring ( $ 3 mm long) was obtained from each PA (MPA, LPA and RPA) and its cross-section was photographed. The ring was then cut once in the radial direction to obtain the stress-free or reference state and photographed again (Tian et al., 2011) .
The cut-open arterial ring was taken as a circumferentially-oriented specimen for the uniaxial tensile test. A longitudinal specimen from MPA was not available; for LPA and RPA, longitudinal specimens were available in 5 and 8 animals, respectively. Both circumferential and longitudinal specimens were photographed to obtain thickness and width. The specimens were tested in an Instron 5548 MicroTester tensile testing system (Instron; Norwood, MA, USA) equipped with a 10 N load cell. Each specimen underwent ten uniaxial loading and unloading cycles with a constant strain rate of 20% length/s. To account for fluid forces or buoyancy against the test grips during testing, the specimen was then removed and one loading-unloading cycle was performed on the tensile testing system at the same strain rate to measure the buoyancy (Lopez-Garcia et al., 2010). Force-stretch data were obtained by subtracting buoyancy test data from the loading portion of the 10th cycle.
Data analysis
Proximal PA contours obtained from MRI were used to compute the luminal cross-sectional area at peak systole (A max ) and at end diastole (A min ). The minimal Fig. 1 . Example of (A) in vivo and (B) ex vivo PA length measurement. The double arrows in both (A) and (B) indicates the length of LPA and RPA from the MPA bifurcation to the first branch from LPA and RPA, respectively. The red lines in (A) are the centerlines along the principal pulmonary arterial pathways. and maximal inner diameters (ID min and ID max ) were estimated by assuming a perfect circular shape, i.e., A ¼ πID 2 =4. RPA ID min and ID max were also obtained from Echo and RPA A min and A max were estimated by A ¼ πID 2 =4 given that the RPA cross section is quite close to circular from both in vivo MRI and ex vivo images. Relative area change (RAC) was defined as (Bellofiore et al., 2013) 
Here, the change of cross-sectional area is normalized by A max rather than A min because of the smaller error with normalization by A max (see Appendix B).
To relate RAC to the ex vivo measured elastic modulus, we used the stressstretch curve of the circumferential specimen measured from uniaxial tensile test and the estimated in vivo stress range, since RAC was measured in vivo. To estimate the in vivo stress range, the pressures at diastole and systole, the in vivo PA geometry and the reference geometry are required (Tian et al., 2012) . In the six female animals, direct measurements of PAP were obtained by RHC; in the five male animals, PAPs in the pressure range of the female animals before embolization (9.2-17.5 mmHg; see Table 1 ) were assumed. The in vivo PA geometry was calculated based on the ex vivo proximal PA length and in vivo proximal PA length for animals on which CE-MRA was performed (Fig. 1) . From the ex vivo image, we measured the length from the bifurcation of MPA to the middle of the next branch from LPA or RPA (Fig. 1B) as the ex vivo length of LPA or RPA, which is the reference length. In vivo proximal PA length was measured from CE-MRA images with Mimics (Materialise NV, Leuven, Belgium). Briefly, a threshold was visually chosen to create a mask for the pulmonary vasculature. PAs were then identified, distinct from pulmonary veins, by an observer blinded to condition, and centerlines along the principal pathways were calculated automatically by the software. The in vivo LPA and RPA length were measured along the centerlines from the MPA bifurcation point to the first distinctive branch point of LPA and RPA, respectively (Fig. 1A) . The in vivo longitudinal stretch ratio for LPA or RPA was then estimated as
where L z and L z0 are the longitudinal lengths of LPA or RPA at in vivo and unloaded ex vivo, respectively. For MPA, there is no obvious marker close to the pulmonary valve either in the in vivo or ex vivo image for measuring MPA length. Therefore, we did not obtain λz for MPA. Rather, we assumed it was the same as LPA since geometrically MPA is aligned with LPA.
With the opened PA ring geometry (taken as reference state), λz, and ID min or ID max from MRI or Echo measurement, the incompressibility condition for artery allows us to calculate in vivo PA thickness at diastole or systole (Tian et al., 2012) . The physiological stress range over which we calculated the elastic modulus was from the average circumferential stress (σ θ ) at diastole to σ θ at systole, calculated under the thin-wall assumption (PA wall thickness-to-ID ratios at diastole were 0.09 7 0.007 and 0.047 0.003 before and after acute embolization, respectively).
Specifically, σ θ was calculated as
where P is the diastolic or systolic PAP, and ID and h are the corresponding inner diameter and PA wall thickness at pressure P, respectively. Next, we used the physiological stress from Eq. (3) and found the corresponding stretch from the stress-stretch curve of the circumferential specimen tested ex vivo. A linear regression was then performed and the slope of the linear best fit to this physiological range was taken as the elastic modulus (E ex ).
With both RAC and E ex calculated, we examined their relation assuming an inverse relationship of the form:
where A and B are the coefficients found from a linear regression between E ex and 1/RAC.
Statistics
All data are presented as mean 7 SD unless specified otherwise. Paired t-test was performed to compare PAP, λz, RAC, and E ex before and after acute embolization, and RPA ID and RAC between MRI and Echo measurements. A two-tailed twosample t-test was used to compare RPA RAC measured via Echo before (n¼ 11) and after (n ¼6) acute embolization. Bland-Altman analysis (Bland and Altman, 1986) was used to assess the agreement between the two measurements of ID and RAC (MRI vs. Echo) and between RPA E ex using in vivo RPA diameter measured via MRI and Echo. Simple linear correlations were determined between between E ex and 1/ RAC. P o 0.05 was used to define statistical significance.
Results
PA pressure and cross-sectional area from MRI and RPA ID from Echo were obtained for all six female beagles before and after acute embolization. However, λ z was obtained from only four of six female beagles because images of the ex vivo intact PA geometry (as in Fig. 1B ) for two were not available. For those two female beagles as well as the five male beagles, which did not undergo MRI, we assumed LPA and RPA λ z was the same as the measured average value of the other animals.
Hemodynamic data are summarized in Table 1 . Acute embolization caused significant increases in PAP and λ z of RPA but not LPA. With acute embolization, RAC measured via MRI decreased significantly in both MPA and LPA but not in RPA. RAC measured via Echo did not decease significantly in RPA when data from only the six female beagles was considered. However, when the five male beagles were included, RAC measured via Echo decreased significantly with acute embolization. The RPA RAC measured via Echo agreed well with that measured via MRI (Fig. 2) . The Echo measurement had a bias of À 0.024 with limits of agreement of 0.30.
A representative stress-stretch curve is shown in Fig. 3 . Before embolization, the physiological region is at low stretch with low elastic modulus, while after embolization, the region is shifted to higher stretch range with higher elastic modulus. Acute embolization-induced PH caused significant change in in vivo geometric data (PA systolic and diastolic IDs) measured from either MRI or Echo, leading to significant increase in E ex (Fig. 4) . Moreover, in vivo ID from Echo measurement was significantly smaller than that from MRI measurement ( Fig. 5A ; P o 0.002), and this yielded significantly different elastic modulus of RPA (E ex ) between MRI and Echo measurement. Bland-Altman analysis found that the calculated E ex using Echo geometry had a bias of À121 kPa with the limits of agreement of 291 kPa compared with that using MRI geometry (Fig. 5B ). E ex was consistently underestimated using Echo geometry and this underestimation was less in the absence of acute embolization-induced PH.
Moderate to strong linear correlations between elastic modulus and the inverse of RAC were observed for all three PAs (Fig. 6) . The correlation for RPA RAC measured via Echo is slightly better than that for RPA RAC measured via MRI (Fig. 6E and F vs.  Fig. 6C ). n¼ 4-6 per group except that n ¼11 for RPA RAC measured with Echo before acute embolization. mPAP, sPAP, and dPAP, mean, systolic and diastolic pulmonary artery pressures, respectively; λz, in vivo longitudinal stretch. Pressure data were obtained from right heart catheterization (RHC) on six female beagles, and in vivo longitudinal stretch data are from four of these six female beagles. The data for "RPA RAC-Echo" only includes six female beagles, while the data for "RPA RAC-Echo-All" includes all the beagles.
Discussion
The relative area change (RAC) of proximal PAs has been found to be an excellent predictor of mortality in patients with PH in clinical studies (Gan et al., 2007; Stevens et al., 2012; Swift et al., 2012) . However, what properties in the pulmonary circulation RAC is related to remain elusive. In this study, we investigated the relationship between RAC and elastic modulus using an adult canine model of acute PH so that we could assess the sensitivity of RAC to changes in elastic modulus in the absence of chronic PHinduced remodeling. We quantified proximal PA elastic modulus based on stress-stretch data obtained from uniaxial tensile tests and investigated the relations between elastic modulus and in vivo RAC of proximal PAs with MRI and Echo techniques. We found that RAC is inversely related to the elastic modulus and that the RAC measured from both MRI and Echo correlates well to the elastic modulus.
Elastic modulus
The stress-stretch curve is nonlinear or J-shaped (Fig. 3) with the elastin being the dominant mechanical component at low stretch and the collagen being the dominant mechanical component at high stretch (Kobs et al., 2005; Lammers et al., 2008; Roach and Burton, 1957; Tian et al., 2012) . Before embolization, the Fig. 3 . A representative stress-stretch curve with physiological operating regions for before and after embolization indicated by gray ellipses. Fig. 4 . Ex vivo elastic moduli (E ex ) of MPA, LPA, and RPA before (PRE) and after (POST) acute embolization. While the elastic modulus of all three PAs were estimated using the in vivo PA ID measured from MRI, the elastic modulus of RPA was also estimated using the PA ID measured from Echo as indicated in the figure, "RPA-Echo" (n¼ 5 for PRE group only including female beagles) and "RPAEcho_ALL" (n ¼ 10 for PRE group including both male and female beagles). MRI and Echo (B) between the calculated RPA ex vivo elastic modulus (E ex ) using the in vivo geometry data obtained via MRI and Echo. Note that in (B) 5 data points from PRE group are nearly coincident at the coordinate ( $ 70, $ À20). PRE and POST denote before and after acute embolization, respectively. pressure is low and the stress and stretch are also low. As a result, in the physiological pressure-stretch-stress range, the artery was loaded in the elastin-dominant region and had a small elastic modulus (Fig. 3) . After embolization, the pressure is high and the stress and stretch are also high, which shifted the pressure-stretch-stress range such that the artery was loaded in the collagen-dominant region and had larger elastic modulus (Fig. 3) . Although both male and female beagles were combined for this study, the RPA stress-stretch curves of these two groups are not significantly different (data not shown). Therefore, it is acceptable to combine the data from all these beagles for the correlation analysis between RAC and elastic modulus.
Correlation between elastic modulus and RAC
As shown in Figs. 3 and 4 the elastic modulus increased with acute embolization-induced PH, which corresponds to the decreased RAC with acute embolization-induced PH (Table 1 ). The inverse relationship between elastic modulus and RAC (Fig. 6) is expected for two reasons. First, RAC is the normalized change of area or stretch in the physiological state and describes the arterial distensibility under a certain pressure change. The elastic modulus is the change of stress over stretch and describes how strongly the artery resists deformation. As a result, a higher elastic modulus results in less distensibility, which should decrease RAC. Second, the stress-stretch curve of the three proximal PAs are J-shaped with an approximately linear region at low stretch, a transition region and another approximately linear region at high stretch. The relationship between the slope of this J-shaped curve (or the elastic modulus) and the stretch is also J-shaped with three regions. The relationship between slope and the change of stretch is then L-shaped. Since RAC is the normalized change of stretch, this L-shaped relationship indicates that the slope or elastic modulus (E ex ) is more likely linear to the inverse of RAC as shown in Eq. (4):
A previous study on normoxic and hypoxic neonatal calves found only a moderate correlation between RAC and ex vivo elastic modulus in MPA (R 2 ¼0.48; Hunter et al., 2010) . However, we found a strong correlation in MPA (R 2 ¼0.80; Fig. 6A ). One reason for the difference could be the large difference in ages of the experimental animals, as the previous study was on newborn calves and this study was on adult beagles, especially given the dramatic changes that occur in the pulmonary circulation in the early post-natal period (Stenmark and Mecham, 1997) . Also, the Hunter et al. study (Hunter et al., 2010 ) investigated a chronic change in pressure whereas our study imposed an acute change in pressure, which was therefore not accompanied by arterial remodeling. The increase in elastic modulus due to chronic hypoxia in neonatal calves was much smaller than that of the acute beagles in this study, which could be responsible for the weaker correlation in the neonatal calf study compared to ours. Nevertheless, a change in elastic modulus can occur due to remodeling, an increase in pressure (and thus stress), or both. Our study demonstrates that an increase in pressure alone can increase elastic modulus and thus decrease RAC.
MRI versus echo measurement of PA geometry and RAC
MRI measurement of in vivo PA geometry has been suggested to be more accurate than Echo measurement (Benza et al., 2008; Fakhri et al., 2012) . However, MRI requires sedation, which can alter hemodynamics. Echo measurement, on the other hand, does not require sedation even for animal subjects. Our results show that there is little bias in the RPA RAC between Echo and MRI measurement (Fig. 2) , and the RPA RAC calculated from either MRI or Echo measurement did not show a significant decrease after acute embolization (Table 1) . Interestingly, the RPA cross-sectional area or ID measured via Echo is smaller than that measured via MRI (Fig. 5A ) with two outliers probably because the ultrasound beam did not pass the RPA center. As a result, the elastic modulus of the RPA is consistently smaller using the geometry data measured via Echo than via MRI (Fig. 5B) . This is especially true after acute embolization (Fig. 5B) because the elastic modulus is more sensitive to stretch at high stretch due to the J-shaped stress-stretch curve (Fig. 3) . Nonetheless, significant correlation exists between RPA elastic modulus and in vivo RAC calculated from both Echo and MRI measurements (Fig. 6C, E and F) .
Although it is difficult to obtain clear images from Echo measurement on MPA or LPA, the Echo measurement on RPA alone may be sufficient for most clinical applications. Indeed, previously RAC of RPA alone obtained by MRI has been found to predict mortality in patients with PAH (Gan et al., 2007) . Therefore, Echo measurement is believed to be an acceptable method for measuring RAC to monitor the progression of PH.
Clinical application
Several clinical studies have focused on the relationship between RAC and PH severity (Gan et al., 2007; Stevens et al., 2012; Swift et al., 2012) . However, RAC is actually a site-specific measure of proximal PAs and therefore should indicate the local properties. The proximal PAs have been shown to remodel in animal models of PH (Huang et al., 2001; Kobs et al., 2005; Lammers et al., 2008; Ooi et al., 2010; Tian et al., 2011; Wang et al., 2013) , and the elastic modulus of proximal PAs have been speculated to be useful for clinical prognostics (Hunter et al., 2010) . However, no studies have sought this correlation in an adult model of PH. A previous study examined the correlation between RAC and elastic modulus of MPA in a hypoxic neonatal calf model of PH (Hunter et al., 2010) , but the post-natal period is one of dramatic changes in the PA mechanical properties (Stenmark and Mecham, 1997) , so their findings may not apply to clinical adult PH. Our current study extended previous clinical and basic science studies by examining the relationship between RAC and elastic modulus of proximal PAs in the absence of remodeling and found that in all three proximal PAs (MPA, LPA and RPA) there is an inverse relationship between RAC and elastic modulus. Note that the acute PH created with embolization in this study is only clinically relevant to exercise-induced PH or acute high-altitude or hypoxia exposure. However, the absence of arterial remodeling in this model allowed us to better investigate the relationship between pressure, PA systolic and diastolic area and PA elasticity within a single stress-stretch curve. In addition, based on our current study, we speculate that such an inverse relationship also occurs in the case of chronic PH. This relationship could be useful for clinical application, because the predicted proximal PA stiffening from the change of RAC appears to occur earlier than the change of RV function (Stevens et al., 2012) and thus the proximal PA mechanical properties require attention for treatment. Indeed, treatments that address arterial stiffening have found success in systemic hypertension (Fleenor et al., 2012) and similar strategies may be effective in pulmonary hypertension.
Limitations
Several limitations are noted in this study. First, we were not able to measure the in vivo longitudinal stretch of MPA due to the MRI image quality and assumed the in vivo longitudinal stretch to be the average value of LPA. Since MPA and LPA are approximately aligned, this assumption is reasonable. Second, in the physiological condition both circumferential and longitudinal directions are loaded. Our uniaxial tensile test did not capture such loading condition. Biaxial testing or using a validated constitutive model could provide more accurate estimate of elastic modulus. Third, the smooth muscle cell activity was not considered in the estimation of the elastic modulus ex vivo.
Conclusion
We have shown that RAC is inversely related to the elastic modulus of proximal PAs in a canine model of acute embolization PH, and both MRI and Echo measurements are acceptable methods to obtain in vivo RAC of RPA. The established method will be employed in future studies that will investigate the changes of RAC and elastic moduli of proximal PAs in a chronic canine model of PH and the relations between these two parameters.
